This work presents a validation of wave parameters from the new sixty years Downscaled Ocean Waves (DOW) reanalysis database. This study compares quantiles of the Gumbel distribution of Hs (significant wave height) and Tp (peak period) from simulated data with an 11 months' time series obtained from a buoy moored seaward on the Santa Catarina coast. Analysis by means of Gumbel distribution quantiles allows more weight to be given to the highest values of the time series, which are especially important in design projects. The statistical parameters used to verify the fit between the measured and the modeled data included: RMSE, BIAS, Scatter Index and Pearson Correlation Coefficient. Mean direction (θm) validation was conducted qualitatively. The database showed good fit of the mean conditions, especially Hs which was well reproduced by the wave model. Underestimation of Tp, related mainly to the low spatial and temporal resolution of wind data used to generate waves, highlights this general modeling problem. Based on calculated statistical parameters, DOW data were considered comparable to the values obtained by measurements; however, such data must be cautiously used for extreme events analysis and in areas of bimodal sea conditions, where major deficiencies in the database were observed.
INTRODUCTION
Understanding free surface oscillations of the ocean is essential for establishing safety guidelines for coastal projects and navigation. Wave data are indispensable in establishing coastal engineering projects, coastal vulnerability analysis and risk, as well as safety references for vassels traveling near the coast (Reguero et al. 2012) . Over the past few decades there has been an increasing interest in wave data collection from buoys and satellite altimeters. Buoys provide accurate variations of the free surface; however, these buoys usually collect data for short periods, and do not represent the spatial variation. On the other hand, data from satellite altimetry represent the spatial variation of wave height values, but have limited temporal resolution, since the data are collected only when the satellite passes over the point of interest. These problems have motivated the use of reanalysis data generated by numerical models. Through numerical modeling of wave generation, it is possible to obtain data on homogeneous temporal and spatial scales. In addition, if properly calibrated, the models allow a detailed description of extreme wave regime in areas where long-term records of buoys are not available.
Third generation models are state of the art on numerical modeling of waves (Young 1999) . The most relevant and widely used of those models are WAM (Hasselman et al. 1988 ) and WAVEWATCHIII -WW3 (Tolman 1991) for oceanic modeling, and SWAN (Booij et al. 1999) on coastal modeling (Heras et al. 1995 , Brown 2010 , Mostafa Siadatmousavi et al. 2011 , Reguero et al. 2012 , Arinaga and Cheung 2012 , Camus et al. 2013 , Chawla et al. 2013 , Rascle 2013 . In recent decades, many studies have been carried out in order to generate wave data from atmospheric reanalysis and validate this time series. Sterl and Caires (2005) used the WAM model to generate a global wave reanalysis aiming to validate data from project ERA atmospheric reanalysis with 15 years of available data (1979 ( -1993 . However, underestimation was observed in areas with the highest significant wave height (Hs) values and overestimation in areas with low Hs values. Later, the database was expanded to a 40-year reanalysis data (ERA-40), including atmospheric and wave data assimilation in a 1.5° resolution grid (Uppala et al. 2005) . When compared with data measured from buoys, the underestimation of higher values of Hs and overestimation of minor values remained (Sterl and Caires 2005) . The database was then corrected (C-ERA-40) (Caires and Sterl 2005a) through a nonparametric method (Caires and Sterl 2005b) . Although an improvement was observed, some underestimations in the largest quantiles of Hs still remained.
Well known and used in many studies, the reanalysis provided by NOAA (National Oceanic and Atmospheric Administration) uses the WW3 model to generate waves in global scale. The latest version of the model (NWW3 -NOAA WAVEWATCHIII) is performed in a 0.5° resolution grid using data from atmospheric reanalysis from the Climate Forecast System Reanalysis and Reforcast (CFSRR / NCEP) for the period ranging from 1979 to 2009 (Saha et al. 2010 . In general, the database showed good fit to the measured wave climate, especially in offshore areas. Nevertheless, there is some overestimation of CFSRR wind data for the period before 1994 in the southern hemisphere, which results in Hs overestimation in this area (Chawla et al. 2013) . Furthermore, the wind reanalysis database used only reproduces some of the extreme events, resulting in underestimation of larger waves (underestimation of peak period -Tp) (Chawla et al. 2013 ). D.F. Aguiar et al. (unpublished data) compared Hs and Tp from NWW3 model and measured data collected from a buoy moored in the coast of Rio Grande do Sul. Based on the calculated statistical parameters used for the comparison, the model showed a good performance in simulating waves around that coast. Nevertheless, the results also indicated a tendency for underestimation of higher values of Hs and Tp, which represents extreme events. Reguero et al. (2012) used atmospheric data from NCEP Reanalysis 1 (with 1.9° of spatial resolution and 6 hours of temporal resolution) for generating a 60 years global wave database (1948 -2008) called Global Ocean Waves (GOW). The simulations were performed using the WW3 in a global grid with 1.5° x 1° spatial resolution and nesting grids with higher detail along Latin American and the Caribbean coasts. On the Brazilian coast, the detailed grid presents 0.5° resolution. The Hs values were calibrated according to the direction of each sea state, following the calibration method proposed by Mínguez et al. (2011) . This method consists in using buoy and satellite data to correct Hs results based on a nonlinear regression problem. PERFORMANCE ASSESSMENT OF WAVE REANALYSIS The correction parameters vary smoothly along the possible wave directions by means of cubic splines This allows different correction, according to the wave direction of the sea state (Mínguez et al. 2011) . The results of Hs and Tp from GOW database were then validated by comparing reanalysis and measured data (buoys and altimeters). An analysis by pars (data-data) would consider mainly the central portion of the distribution where most data are located. In order to give more weight to the highest values, which are specially important from the design point of view, the authors used quantiles of the Gumbel distribution to compare measured and simulated data. The results of the validation showed a slight overestimation of Hs values. Correlation associated with Tp was lower than that associated with Hs.
Later, studies within the project "Support for the Brazilian Coast Management" (SMC Brazil), detected the need for a wave database for the entire Brazilian coast with high spatial and temporal resolution. That database, called DOW (Downscaled Ocean Waves), was then generated through a downscaling of GOW data all the way to coastal waters using the SWAN model (Camus et al. 2013) . Unlike the reanalysis presented above, DOW data were generated especifically to represent wave climate along the Brazilian coast. The results are available in the SMC Brazil database for use in coastal enviromental and engineering projects. Still, validation analysis are required, because only few measured data are available over the coast.
This work validates Hs, Tp and mean direction (θm) from DOW reanalysis, based on an 11 month time series obtained from a Waverider buoy moored 35Km seaward from the Santa Catarina coast. The methodology proposed by Reguero et al. (2012) was applied and the Gumbel quantiles from measured and simulated data were compared. Quantitative directional validation implies in more complex analysis, so θm data were compared qualitatively.
MATERIALS AND METHODS

REANALYSIS DATA (DOW -SMC BRAZIL)
The DOW database consists of a 60 years' hourly time series of Hs; mean period (Tm); Tp; θm; peak direction (θp); directional spread; and energy spectrum from 1948 to 2008. Wave data with very high spatial resolution (1Km from 0 to 20m depth and 10Km from 20m depth on) is available for all Brazilian coasts (~7000Km).
The database was generated in two main steps: i) first, a global reanalysis was performed by means of generating and propagating wave spectra through parameters such as Hs, Tp and θm. Global winds (Reanalysis 1 -NCEP/NCAR), ice (NCEP/ NCAR) and bathymetry (GEBCO) data were used as input for the WW3 model, which resulted in wave parameters for all oceans around the globe (Reguero et al. 2012) ; ii) second, focusing on the generation of regional data with higher resolution, a downscaling was conducted by propagating GOW parameters to shallow waters in 17 grids along the Brazilian coast using coastal bathymetry and winds (Reanalysis 1 -NCEP/NCAR) on SWAN model (Camus et al. 2013 ). Details of all steps for GOW and DOW generation can be found in Reguero et al. (2012) and Camus et al. (2013) .
The wind reanalysis used to generate the GOW and DOW database was the NCEP/NCAR Reanalysis 1. This reanalysis is based on wind fields with spatial resolution of 1.9° and temporal resolution of 6 hours for a period of 60 years . This reanalysis was chosen to provide longer wave time series (Reguero et al. 2012) . Since satellite wind measurements are available only from 1978 (Kistler et al. 2001 ), wind data assimilation were possible only after that time, and the wind reanalysis is more reliable for the past 40 years. However, the calibration method used on GOW reanalysis proved to be a good adjustment for the wave data resulting from these winds (Reguero et al. 2012) . No interpolation techniques were applied to verify the data over the exact WR point, since comparison between data from D1 and D2 has shown similar values (maximum difference obtained was 0.2m for Hs and 1.49s for Tp). Franco and Melo Fº (2008) . This 11 months' series is available on the internet at www.ndbc.noaa.gov and cdip.ucsd.edu.
VALIDATION METHODOLOGY
The methodology employed in this work consists of comparing data from DOW reanalysis (points D1 and D2) and data from the WR buoy by quantiles of the Gumbel distribution. An initial analysis of the three time series was undertaken by a data-data assessment, comparing mean, mode and standard deviation. Then, methodology used by Reguero et al. (2012) was applied to quantify the quality of the fi t between reanalysis and measured data. After fi tting the three time series to the Gumbel distribution, the quantiles were estimated. With these values, different statistic parameters were calculated to validate the reanalysis.
This methodology is applicable to Hs and Tp, but cannot be applied to mean wave direction. Directional validation requires more complex analysis and so there are only a few studies that assess the quality of directional results from reanalysis. PERFORMANCE ASSESSMENT OF WAVE REANALYSIS Nevertheless, a primary qualitative analysis of θm was carried out in this study and will also be shown.
Gumbel distribution
In wave analysis, symmetric probability distribution functions, such as the normal distribution, are not suitable to describe the long term Hs data (Battjes 1972) . In these cases, skewed distributions such as Gumbel can show a better fit. Beside this, as mentioned above, by using Gumbel quantiles on the validation process it is possible to give more weight to the maximum values of the distribution (Mínguez et al. 2011 , Reguero et al. 2012 . The cumulative probability of the Gumbel distribution was used in this work and was given by:
Where Pr is the cumulative probability of an event x, A is the location parameter, B is the scale parameter (determines the width of the distribution) and Q(Pr) is the quantil of the distribution. A represents the mode value of the time series and B is proportional to the standard deviation (σ) of the distribution: σ 2 = π 2 B 2 /6. The values for A and B calculated in this work are represented on Table I .
Aguiar et al., unpublished data, Reguero et al. 2012 , Chawla et al. 2013 ). The parameters used in this work are described below:
Root Mean Square Error (RMSE) -Measures the difference between an estimated value and the true value.
BIAS -Deviation between two variables. BIAS can be defined as the difference between the averages of the time series.
Scatter Index (SI) -Dimensionless parameter which measures dispersion with regard to the line x=y (ideal):
Pearson Correlation Coefficient (ρ) -Measures the intensity of the relation between two variables, with values ranging from 0 (no correlation) to 1 (perfect correlation).
where R 2 is:
Symmetric Slope (SS) -Also known as the regression slope. On an ideal situation, SS=1.
Values of SS bigger than 1 indicate overestimation of high values or underestimation of low values. The opposite occurs if SS < 1.
RESULTS AND DISCUSSION
WAVE HEIGHT AND PEAK PERIOD
To illustrate the comparison between the measured and the simulated data, Figure 2 
Statistical parameters
In order to access the quality of the numerical simulated results from reanalysis (y), these were compared to instrumental data (x) by calculating statistical parameters obtained from the literature (Janssen 1997 The basic descriptive statistic parameters (mean, standard deviation and mode) for Hs and Tp of the three time series are shown on Table II . The values show agreement between the simulated and the observed statistic parameters. The main differences can be seen in the Tp mean, with higher values in observed data, and in Hs mode. The Hs mode shows most sea states over 1.73m and 1.79m in D1 and D2 respectively, about 0.5m higher than what occurs in WR. Figure 3 shows the density dispersion between the entire series of measured and simulated data. The overestimation of the Hs mode is explicit, with most estimated sea states occurring approximately 0.5m above measured data, even though the Hs dispersion shows that most of the sea states from reanalysis are near the ideal fi t (dashed line), with a few cases of high dispersion. The Tp dispersion also shows the majority of the cases occurring near what would be considered ideal, nevertheless an underestimation of the higher values can be observed.
The dispersion between the simulated and the measured quantiles is shown in Figure 4 . As can be seen in this fi gure, Hs data are well represented by the reanalysis, especially when comparing WR with D1, although a slight overestimation of the greatest values can be seen in WR-D2 comparison. An underestimation of Tp was observed in all quantile values for both reanalysis points. This underestimation is bigger in high quantiles (around 4s, while for low quantiles the difference is around 2s). The overestimation of Hs quantiles and underestimation of Tp quantiles can also be observed by SS values (Table III) (Table III) . RMS values indicate a 2cm error on Hs estimation for D1 and 10cm for D2. The Tp errors are greater with 2.57s on D1 and 2.2s on D2. SI values also indicate a small deviation from what would be the ideal.
The underestimation of Tp, especially when considering the highest values, was also observed by D.F. Aguiar et al. (unpublished data) when comparing NWW3 (NOAA WW3) data to the buoy on the coast of Rio Grande do Sul. This underestimation of high values can be attributed to the spatial and temporal resolution of atmospheric reanalysis used as input for the wave models, not being efficient on reproducing extreme events as extra tropical cyclones, which are very common in South Atlantic Ocean (Reguero et al. 2012 ). This problem related to wind resolution still remains in recent reanalysis. The CFSRR is the most recent wind reanalysis with higher spatial and temporal resolution (1/2° and 1h) when compared to NCEP reanalysis used to perform GOW and DOW data, even though the difficulty in representing these cyclones remains (Chawla et al. 2013 
TABLE III Statistical parameters obtained by Q-Q comparison analysis (quantiles of the Gumbel distribution).
Figure 3 -Hs and Tp density dispersion between reanalysis (D1 and D2) and measured data (WR). The gray scale bar indicates the density of data that occurs in each point of the graphic. PAULA G. SILVA, ANTONIO H.F. KLEIN, MAURICIO GONZÁLEZ, OMAR GUTIERREZ and ANTONIO ESPEJO showed the importance of secondary seas in this area where over 32% of the sea states are represented by a bimodal condition. The Tp underestimation may owe to the fact that in the study area there is a high dominance of the wind seas that is not properly solved by the wave model (Espejo et al. 2014 ). According to Espejo et al. (2014) , the results of wave climate analysis in areas dominated by mixed seas by using spectral parameters only may be misleading, because the entire spectrum is treated as one wave system. Another contribution to the underestimation of Tp values can be related to the source term physic package of WW3 and SWAN: Tolman-Chalikov (Tolman and Chalikov 1996) . Chawla et al. (2013) mentioned that DIA parameterization (parameterization that verifies wave-wave interaction) used on this package can lead to a less intense down shifting of the spectral peak on simulations, which results in underestimation of Tp in storm events. However, deeper analysis of Tolman-Chalikov package is beyond the scope of this study. Despite the differences shown here, the statistical parameters BIAS, RMS and SI showed low values for the two variables in both points. In addition, Pearson correlation values equal and very near to 1 indicate a good fit of the simulation with respect to the wave measured data. Yet, special care must be taken when using such data in extreme events analysis, where major deficiencies on the database were observed.
MEAN WAVE DIRECTION
The θm data show similar behavior (same tendency) when compared to the WR series (see Fig. 2 ). Nevertheless, most of the sea states ranging from 0° to 90° present on the measured data are not represented on DOW reanalysis. The same can be observed on 
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Tp roses of the three time series (Fig. 5) . Most of the wave cases from northeast are not represented on D1 and D2 roses, although winds from northeast can be observed in wind reanalysis (Fig. 5) . Northeast waves shown in measured series are characteristics of the bimodal sea condition on the coast of Santa Catarina. Previous works have shown that wave climate in this area is composed by a first frequency peak representing a swell from south and a second frequency peak representing a sea from ENE to ESE (Araujo et al. 2003, Franco and . The main reason for northeast waves not appearing in DOW data is related to the fact that wind seas are not properly reproduced by the wave model when using wave parameters to represent the entire spectrum as one wave system (Espejo et al. 2014) , in a way that bimodal conditions generated by the influence of local winds are not considered on wave reanalysis.
Still, waves from south are not that significant in reanalysis as shown in measured data. In addition, SSW waves, which represent nearly 5% of WR (Fig. 5) , shows that SSW waves are well represented in deep water data and the lack of waves occurs only in shallow water (Fig. 5) .
The lack of waves from SSW can be attributed to the wave growth estimation when modeling waves from the continent direction. Hasselman et al. (1973) within the JONSWAP experiment found that the peak frequency can be calculated as:
where f p is the frequency at the spectral peak, U 10 is the wind speed at the elevation 10m above the surface and F is the fetch length. According to this, to generate waves with Tp equal to 9s (as shown in WR) series, with winds blowing at 12m/s speed (Fig. 5) , a 600Km fetch would be necessary. Nevertheless, the largest distance between D1 and D2 points and the continent is ~100Km (Fig. 5 ). This suggests that there was not enough fetch for the model to generate waves from SSW.
CONCLUSIONS
Numerical wave reanalyses are a reliable option when the intention is to obtain data homogeneously sparse in time and space. DOW is a long wave reanalysis database (60 years of wave data) with high spatial and temporal resolution which is available for all ~7000Km of the Brazilian coast through SMC Brazil database, for uses in coastal projects. A comparison between quantiles of the Gumbel distribution from DOW reanalysis database and from 11 month measured data was shown in this work. This method allow more weight to be given to the highest values of the time series, which are especially important in design projects.
After validation, the quality of data from the DOW reanalysis was verified. The database showed a good fit of the mean conditions, especially when representing Hs that was well reproduced by the wave model, although the underestimation of the Tp values on reanalysis data was observed. Results presented in previous works comparing reanalysis and measured data, suggest that this underestimation is related mainly to the low spatial and temporal resolution of wind data used to generate waves, not being efficient on reproducing extreme events such as extra tropical cyclones, which are very common over the South Atlantic Ocean. This problem related to wind resolution persists in recent reanalyses, even in those that present higher spatial and temporal resolution than the ones used to perform GOW and DOW data, highlighting this general modeling issue. Beside this, based on calculated statistical parameters, DOW data were considered adjusted to the values obtained by measurements.
Considering the limitations of the input data, modeling process and the size of the time series used on the validation process, such data must be cautiously used for extreme events analysis, where major deficiencies on the database were observed. Also, some care must be taken when using data from regions where bimodal wave climate are typical, because wave propagation through spectral parameters cannot properly represent these conditions.
The measured time series used in this study could provide a primary assessment of the quality of the DOW database. It is known that larger measured time series would be more adequate to verify the model performance, since eleven months' data cannot represent the entire sixty years' series. However, longer buoy time series are not available for this area and a primary analysis comparing reanalysis and measured data for this short period can be a reliable source of information for researches carried out in this coast, in which long wave time series are necessary. 
